INTRODUCTION
Malignant pleural mesothelioma (MPM) is an aggressive serosal tumor of the pleura. Its main aetiological agent is an exposure to asbestos fibers, mostly work-related, and the disease appears after a latency of 30 to 40 years after initial exposure. MPM is considered as a rare tumor. However, its incidence is rising throughout the world because of the increasing use of asbestos until the 1970's and will peak in the next decade. We also fear a pandemic rise of MPM in the future with developing countries still using asbestos today. The three main histologic subtypes of MPM are epithelial, biphasic and sarcomatoïd. MPM has a poor prognosis with a median survival of less than a year. This can be explained by the delay of diagnosis due to late clinical symptoms, with a disease already advanced locally, the difficulty of obtaining a confident anatomopathological diagnosis, and a complex treatment with deceiving outcomes.
Current treatments for malignant pleural mesothelioma
Treating MPM remains a challenge and there are two main alternatives: palliative chemotherapy or multimodal treatment including surgery, combined with chemotherapy and/or radiotherapy [1] . Surgery offers the best chance of survival and surgical cytoreduction should be performed when macroscopic complete resection is deemed achievable [2] .
However, after the most complete tumor resection, microscopic tumor cells persist and surgery should be associated with a local adjuvant treatment. There are two leading types of surgery for the treatment of MPM: extrapleural pneumonectomy (EPP) and pleurectomy/decortication (P/D) or radical pleurectomy. EPP consists of an "en bloc" resection of the lung, visceral and parietal pleura, pericardium and diaphragm whereas P/D preserves the lung and is therefore less disabling. A modified EPP attempts to preserve the barriers of the peritoneum, pericardium, abdomen and phrenic nerve to the diaphragm. P/D is defined by the resection of the visceral and parietal pleura, and is referred to "extended 4 P/D" when the pericardium and/or the diaphragm are resected [3] . Pleurectomy associated with a lobectomy (P/L) is also a possibility.
Even after optimal surgery and perioperative chemo-radiotherapy, local or distant recurrences are inevitable. In order to kill the residual microscopic disease, many teams have worked on intrapleural therapies like hyperthermic cisplatin-based chemotherapy, immunotherapy or genotherapy [4] . In search of a more effective and selective adjuvant treatment to surgery, and in line with these intrapleural therapies, intra-operative photodynamic therapy (PDT) could be of interest in part of a multimodal treatment for MPM.
Photodynamic therapy
PDT became acknowledged as an innovative oncological treatment in the 1970's by Dougherty et al. [5] . The effect of PDT requires the interaction of 3 components: a photosensitizer (PS), oxygen and light with the specific wavelength activating the PS. None of them are individually toxic but when put together they induce a tumoricidal photochemical reaction ( Figure 1 ). The PS used in the treatment of MPM are porfimer sodium Photofrin® and m-tetrahydroxyphenylchlorin (m-THPC) Foscan®. The effect of PDT depends on the type and dose of PS used, the light dose and the oxygen concentration in the tissue illuminated. The appeal of PDT as an adjuvant treatment relies on its relative tumor selectivity, depending on a PS able to direct itself and stay longer in the tumor cells than in the normal cells, and an illumination restricted to the cancer superficial zone. Intrapleural PDT is based on a two-stage process: 1) intravenous administration of the photosensitizer before surgery with a specific drug dose and drug-light interval (DLI), 2) intraoperative illumination of the pleural cavity, after maximal resection of the tumor, by a laser source at an appropriate wavelength, and reaching a specific light dose (J/cm²).
MPM is essentially confined to the hemithorax at diagnosis, which would make an efficient surgical treatment all the more valuable. PDT is a preoperative local treatment, used successfully in other medical fields, so it seems legitimate to consider intrapleural PDT as a 5 valid candidate to eradicate the microscopic tumor cells remaining after surgical resection.
For a few decades, photodynamic therapy has been the subject of many studies as part of a multimodal treatment of malignant pleural mesothelioma with surgery. A review by Moghissi and Dixon [6] reported the results of ten of these studies, published between 1994 and 2004. It considered PDT as a treatment with potential but needing further improvement and clinical investigation. The aim of this review is to get a wider overview of this developing technique from its early days up to the present day, by exposing its various clinical applications in the surgical management of MPM, as well as its evolution through the years regarding toxicity and impact on survival.
METHODS
Articles were researched on Pubmed, EM-premium and ScienceDirect, using the key words "malignant pleural mesothelioma", "pleural malignancies", "photodynamic therapy", "multimodal treatment", "surgery", "pneumonectomy" and "pleurectomy". The inclusion criteria were clinical studies focusing only on intrapleural photodynamic therapy after surgical resection, studies with results on the toxicity or survival of this treatment, articles written in English. Exclusion criteria were letters, editorials or case reports, experimental studies on animals, studies without enough specific data on PDT or surgical treatment. These studies were classified between two categories: "feasibility and toxicity studies" and "survival studies". Further research was made when general information was considered useful to the reader.
RESULTS
Sixteen articles published between 1991 and 2012 were selected for this review and are reported in Table 1 . Eleven studies were described as "feasibility and toxicity studies" and 6 aimed at finding the most optimal dose of PS, DLI and light dose. Five studies were classified as "survival studies" among which two phase III studies and three retrospective studies with a focus on survival. A total of 337 patients were included in these studies. Treatment consisted of a debulking surgery of variable degree, after administration of either m-THPC (20% of patients) or a hematoporphyrin, (80% of patients) and followed by intraoperative PDT. Surgical treatment consisted of EPP, P/L and P/D for respectively 41,5%, 5% and 53,5% of patients. All causes of morbidity and mortality encountered in these studies during thoracic surgery and intrapleural PDT are listed in Table 2 .
Feasibility and toxicity studies
Between 1991 and 2001, a Swiss and Dutch team published 4 studies [7] [8] [9] [10] using m-THPC Foscan® and a light at a 650nm wavelength. The first study [7] included four patients with MPM. Preliminary PDT was performed in 2 patients under different PDT conditions, and biopsies of tumor were taken after 5 days. A 10-mm-deep tumor necrosis was observed at a Foscan® drug dose of 0.3mg/kg, given 2 days before PDT and at a light dose of 10J/cm². Surgery and intraoperative PDT were then performed: light was delivered through a bare optical fiber directly into the cavity at a light dose of 10 J/cm² to the diaphragm and costophrenic sulcus. A dose of 5 J/cm² was applied to the rest of the cavity. One patient died of aspiration pneumonia: autopsy revealed a PDT-induced necrosis of the remaining tumor.
In the second study [8] , the same cohort was expanded to 7 patients. PDT followed the same protocol, except that DLI was either 2 or 3 days. No photosensitivity was observed after m-THPC administration of 0.1mg/kg, whereas at the dose of 0,3mg/kg, skin photosensitivity lasted up to two and half weeks. There was a severe skin necrosis after exposure to bright light 24 hours after m-THPC administration. One patient developed a colonic perforation, with PDT induced necrosis on the resection, and another patient developed a bronchopleural fistula.
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In the next study [9] , four patients with MPM were given 0.1 mg/kg of Foscan® 4 days prior to surgery. The surgical objective was to obtain a macroscopic complete resection. The light was delivered at a dose of 10 J/cm². The pleural cavity was illuminated with a spherical diffusing fiber. A sterile plastic bag filled with saline was placed in the chest cavity. Four isotropic probes were placed inside intrathoracic strategic locations to monitor the light distribution. Illumination was adapted to reach the total dose of 10J/cm², according to the real-time dosimetry. Biopsies of remaining tumor and normal tissue were taken 24 hours after treatment under thoracoscopy. They showed an increase in inflammatory cells and oedema in the tumor samples and less damage in the normal tissue. There was no postoperative mortality and postoperative complications were a diaphragmatic rupture and a hemopericardium.
In a larger phase I and II study of 26 patients, Schouwink et al [10] evaluated the toxicity of mTHPC PDT at different drug doses and DLI. Among them, 4 patients had already been included in the previous study [9] . The mTHPC concentrations were 0,075, 0,1 and 0,15mg/kg with a DLI of 4 days, and 0.15mg/kg with a DLI of 6 days, forming four groups of 4 patients each for the phase I part of the study. PDT protocol was the same as previously described [9] . The two groups receiving 0,15mg/kg of mTHPC were stopped prematurely because of a death in each group (a myocardial infarction and an empyema secondary to a bronchopleural fistula). Therefore, the maximum tolerated dose of mTHPC was 0,1mg/kg with illumination after four days. The group of patients with this drug dose was expanded to a total of 19 patients for the phase II part of the study. Real-time dosimetry led to additional illumination to reach the expected dose of 10J/cm² at the four sites in 12 patients out of the 26. Complications were a spinal cord infarction secondary to a myocardial infarction and skin burns, in the 0.15mg/kg dose group. In the 0,1mg/kg mTHPC group, a third patient died of an oesophageal fistula related to excessive illumination of the oesophageal and heart region.
Another phase I study [11] Pass et al. [12] reported a large study of 42 patients with pleural malignancies, among which were 31 MPM. The surgical objective was to obtain a macroscopic complete resection. After administration of Photofrin® (2mg/kg), light was delivered by an optical fiber passed through a modified endotracheal tube, with dilute intralipid in the cuff and the pleural cavity. Seven photodiodes were placed inside the thoracic cavity at strategic locations, and permitted realtime dosimetry. The first 33 patients were given Photofrin® 48 hours before surgery, and the last 9 patients, 24 hours before. In the first group, light dose was escalated from 15J/cm² to 35J/cm², with levels of 2.5J/cm², and in the group of 24 hours DLI, light dose was 30J/cm² and 32.5J/cm². Regarding possible PDT-induced complications, one patient died of an empyema associated with a massive haemorrhage of the right atrium. Two patients developed a bronchopleural fistula at the 17.5 and 35J/cm² level (DLI of 48 hours). Two patients had a low oesophageal necrosis and perforation after a DLI of 24 hours and a light dose of 32.5J/cm². The maximum tolerated dose was declared as 2mg/kg of Photofrin® given 24 hours before illumination, at a light dose of 30J/cm².
Warloe et al. [13] described their experience with 9 patients who were given 2mg/kg of Photofrin 48 hours prior to surgery. Light at 630nm was delivered at a dose of 15J/cm² (1 patient), 20J/cm² (3 patients) and 30J/cm² (5 patients). There was no postoperative mortality.
There was a case of persisting leakage from a thoracic lymphatic vessel, one of localized skin necrosis near the thoracotomy, and one pulmonary infection.
Takita et al. [14] presented a study in which 23 patients received 2mg/kg of Photofrin® 2 days before surgery: six EPP, fifteen P/D and two unresectable tumour (no PDT). The surface area of the hemithorax to be treated was determined by reconstruction of a life-size thorax model from the patient's chest CT scan. Four bulb optical fibers were placed centrally in the thorax model at equidistance and light dose measurements were made. Illumination at 630nm was delivered at a dose of 20J/cm² for the first 7 patients and 25J/cm² for the others, with the optical fibers located according to the planning of the thorax model. Postoperative morbidity was found in more than half of the patients. One patient died of an empyema and bronchopleural fistula, and another of pulmonary infection.
In a second study, Takita et al. [15] continued to include up to 31 patients with the same PDT protocol except that the light dose was increased: 7 patients had already received 20J/cm², 21 patients received 25J/cm² and 3 patients received 30J/cm². No additional postoperative mortality was observed.
The same team continued to include patients into this phase II study with the same light doses of 20, 25 and 30J/cm², and reported a 6-year follow-up of 40 patients [16] . All in all, there were three postoperative deaths due to bronchopleural fistulas and empyema. Post operative complications were found for 45% of the patients: bronchopleural fistula, empyema, splenic rupture, diaphragmatic dehiscence or hemorraghe, and oesophageal perforation.
In a study of 11 patients, Du et al. [17] described their experience with intensity modulated radiation therapy after EPP with PDT (7 patients) or without (4 patients). Photofrin® (2mg/kg) was given 24 hours before surgery and light at 630nm was delivered at 60J/cm². One patient had a radiation pneumonitis. Multimodal treatment by EPP, radiation and PDT was deemed feasible by the authors, with acceptable toxicity.
Survival studies
The first phase III trial was conducted by Pass et al. [18] : 25 patients underwent surgery with PDT and 23 patients without PDT, along with postoperative immune-chemotherapy. The PDT group was given Photofrin® 24 hours prior to surgery. Light was delivered through the endotracheal tube, as described previously [12] , at a dose of 30J/cm². Light dosimetry was carried out by 7 photodiodes in the chest cavity. There was one perioperative death in the PDT group due to an inferior vena cava avulsion, and there were 2 bronchopleural fistulas in each group. There was no significant difference between the PDT and no-PDT group in median OS: respectively 14,4 months and 14,1 months, or median DFS: respectively 8,5 months and 7,7 months.
A second phase III study by Matzi et al. [19] evaluated the feasibility and the influence on survival of intrapleural PDT under hyperbaric hyperoxygenation. 34 patients underwent a P/D, 22 of them received additional PDT, and 12 of them did not. For the PDT group, Photosan®, a poly-hematoporphyrin, was given 48 hours prior to surgery performed in a hyperbaric chamber equipped as an operating room. Light was delivered through a microlens, at the dose of 300J with a distance of 1cm from the tumor surface. There was no light dosimetry but a transcutaneous pO2-levels monitoring under hyperbaric oxygenation.
The median survival for the PDT group versus the no-PDT group was respectively 15 months and 10 months (p=0.0179). After a 6 months follow-up, local tumor recurrence was lower in the PDT group (9/22 patients) compared to the no-PDT group (10/12 patients). There was no major complication related to PDT or hyperbaric oxygenation.
PDT for MPM was also performed in a retrospective study [20] evaluating the efficacy of multimodal treatment including various types of treatment options (surgical and non surgical).
Among the 44 patients undergoing surgery, 20 patients received intraoperative PDT combined with P/D for 17 patients and EPP for 3 patients. Photofrin® was injected 48 hours prior to surgery and the pleural cavity was illuminated using a laser delivering a light through a microlens, applied close to the intrathoracic surfaces. This study indicated that, when considering only the patients who had P/D, neither intraoperative PDT or additional chemotherapy or radiotherapy, had any significant impact on survival. 
DISCUSSION
These sixteen studies were very heterogeneous when considering the size of cohorts, the stage and histologic subtype of the MPM, the type of surgery and thickness of tumour resection, adjuvant treatment and the PDT technique. Given that, it was difficult to compare them statistically and sort out the specific toxicity of intrapleural PDT and its impact on survival.
Toxicity
Distinction between surgical and PDT-related toxicity was not possible to establish since most of these articles studied only patients receiving intrapleural PDT after surgery. The two phase III clinical trials [18, 19] did not observe a difference in complications in the group PDT versus no-PDT, however the small size of their cohorts did not allow to point out specific side effects of intrapleural PDT. Analysis of the PDT-toxicity is also biased by the toxicity induced by each type of surgery. It could be divided into known specific toxicity (photosensitivity), probable specific toxicity (PDT-induced necrosis of tissue after illumination) and uncertain toxicity (mixed with surgical complications).
With clinical experience, photosensitivity decreased in severity as well as in frequency. Aside from the patient's strict light eviction after PS administration before and after surgery, other measures were progressively taken. The operating room lights were covered by surgical drapes, then by yellow filter papers, blue towels were sown to the incision skin edges to avoid unwanted illumination, the pulse oxymeter was rotated between fingers to prevent nail burns [11] .
Intrapleural PDT combined with thoracic surgery is associated with a non negligible toxicity, at least at its beginning. In the early studies, histologic analysis of treated tissue showed that PDT induces a certain degree of necrosis [7] [8] [9] . When the biopsy of the complication site or autopsy showed tissue necrosis, PDT was logically linked to the corresponding complication: an oesophageal fistula [10] , a colonic perforation [7] and low oesophageal perforation for two patients [12] . It was also associated with systemic capillary leaking syndrome for two patients [11] , haemorrhage of the right atrium [12] , causing the death of these patients. This was supported by the fact that the team admitted to excessive illumination at the location of the complication. Toxicity was clearly correlated with the PS drug concentrations and light doses.
The maximum tolerated dose was for Foscan® 0.1mg/kg given 4 days [10] or 6 days [11] before illumination with a light dose of 10J/cm², and for Photofrin® 2mg/kg given 24 hours before illumination at a light dose of 30J/cm² [12] or 60J/cm² in the studies of Friedberg et al.
[ 21, 22] , even if they are not phase II clinical trials. Friedberg et al. [22] noted more respiratory insufficiency requiring reintubation with PDT, possibly resulting from the systemic inflammatory response associated with PDT. The evolution was favourable in less than a week. Nevertheless, given the results of Friedberg's studies, we can assume that when patients are preoperatively carefully selected, and when light delivery is monitored, toxicity to adjacent organs like the heart, vessels or oesophagus, is limited.
Apart from Photofrin®, Foscan® is the only other PS approved for use in systemic cancer therapy. Foscan® is known to have a much higher tumour toxicity than Photofrin®, however clinical studies have demonstrated that this better efficacy can also induce higher complications. Moghissi and Dixon [6] compared data from 10 papers [8] [9] [10] [11] [12] [14] [15] [16] 18, 19] with 230 patients (170 with Photofrin®, 60 with Foscan®). They calculated an overall mortality of 4.9% for Photofrin® and 13.3% for Foscan®, and morbidity was respectively 38% and 70%. Consequently, Photofrin® is now preferred for the treatment of MPM.
PDT technique
The technique of intrapleural PDT has improved throughout the years of practice, certainly playing a role in the better tolerance of the treatment. For starters, the "tools" used to deliver the light in the thoracic cavity have evolved from a simple bare fiber or microlens to a spherical or cylindrical fiber moved within the cavity, until the fiber was put in a modified endotracheal tube to facilitate the movement of the light source. The complex geometry of the thoracic cavity, with or without a remaining lung, has raised many issues regarding the uniformity of light delivery. To increase the light diffusion, two teams used a sterile plastic bag filled with saline placed in the cavity in which an optical fiber was moved [9, 12] .
Friedberg et al. filled the cuff of this endotracheal tube with dilute intralipid as well as the pleural cavity. In addition, the emergence of high power lasers allowed to considerably shorten the length of illumination, which is valuable especially when light dose for Photofrin® was increased from 15 J/cm² [12, 13] to 60 J/cm² [21, 22] in a decade.
Considering the empiric illumination of the pleural cavity, a light delivery monitoring became necessary: four isotropic probes [9, 10] , then seven probes [12, 18, 21, 22] were sown to strategic locations, prone to be under-exposed . The probes were connected to a dosimetry system which gave a real-time feedback of the light fluence so that the light delivered could be adjusted. This seven-probes dosimetry system was further explored by the team of Dimofte and Zhu, along with the correlation between the volume and surface area of the pleural cavity and the treatment time [23, 24] .
After acting on PS and light conditions, only one study focused on tissue oxygenation, where 22 patients underwent surgery in a hyperbaric chamber. Matzi et al. [19] proved that performing PDT in this technically complex environment was feasible, but we can understand how it cannot be logistically displayed in any medical facility. Since every patient underwent surgery under hyperbaric oxygenation, the specific effect of this technique couldn't be singled out.
Survival
The preliminary studies did not show a beneficial impact of intrapleural PDT on survival for patients undergoing surgery: when specified [10, 12, [14] [15] [16] , median OS did not exceed 15 months (Table 1) and PDT seemed beneficial only for stage I and II MPM with a median OS of 21 months [15] and 36 months [16] .
The first phase III clinical trial [18] was a well-conducted study with comparable groups regarding the population, the extent of the MPM and associated treatments. There was no significant difference between the two groups in median OS, median DFS or recurrence patterns, but this study did not include enough patients to reach its statistical power. Another phase III trial [19] explored the benefit of adding hyperbaric oxygenation to P/D and intraoperative PDT. Even with less patients than the previous study, a significant difference was found regarding median OS (p=0,0179) in favour of PDT, with the advantage of having the same surgery (P/D) in each arm. These engaging results were a result of a lung-sparing procedure. At the beginning of surgical for MPM, EPP was preferred to P/D because it would guarantee less microscopic tumour residue. There are no randomized clinical trials comparing lung-sacrificing surgeries to lung-sparing ones, however recent studies have supported P/D over EPP [25] [26] [27] . A prospective non randomized study [26] Patients with an epithelial histological subtype usually have a better outcome. In a study of 183 patients undergoing EPP, Sugarbaker et al. [28] reported a 2 and 5-year survival rate of 52% and 21% for the epithelial subtype, and of 16% and 0% for the non-epithelial subtype.
This was confirmed for surgical treatment with intrapleural PDT [16, 21, 22 ] with significant survival difference. It can raise the question of a strict histological selection of patients for this technique.
Although P/D leads to a less complete resection of tumor cells, median OS in P/D patients was much longer than the one observed in MEPP patients [21] . However, the recurrence rate of P/D patients was higher and there was no difference in DFS between the two groups. This could be explained by recurrences being better tolerated with two lungs, along with a better quality of life. It is now accepted that PDT can result in the generation of anti-tumour inflammatory cells and can lead to a persistent anti-tumour immune response [29] .
Therefore, a PDT-induced immune response against the remaining malignant cells could result in more indolent recurrence patterns.
The outstanding survival observed in these two recent studies could be explained by a better preoperative staging and selection of patients regarding respectability and a more complete and homogeneous light delivery with dosimetry to the best of its performance.
CONCLUSION
When a surgical treatment is considered for MPM, it should be part of a multimodal arsenal aiming to kill all residual microscopic tumour cells. After two decades of inconclusive results, intrapleural PDT has evolved to be a feasible technique, with minimum toxicity. In the absence of an efficient treatment, it presents itself as good alternative among other local adjuvant treatments to surgery. Indeed, two recent studies [21, 22] have demonstrated that Photofrin®-mediated PDT, after complete macroscopic resection, offers a remarkable survival even in patients with locally advanced stages of MPM, especially with an epithelial histologic subtype and when a lung-sparing procedure is performed. A randomized phase II trial with or without Photofrin®-mediated PDT is ongoing at the moment at the University of Pennsylvania (Philadelphia, USA) and Roswell Park (Buffalo, USA). Today, every effort should be made to improve the illumination and dosimetry technique, since the success of PDT closely depends on a complete and homogeneous light delivery. In this spirit, scientists are leaning towards computer-assisted procedures, such as an infra-red navigation system to track the movement of the light source within the pleural cavity in real-time [30] . The objective is to get a feedback of the light delivered on the whole pleural surface and adapt illumination accordingly. Research teams are also turning towards new illumination devices, like a light blanket made of optical fibers or textile light diffuser [31] which could be directly applied on the pleural surface, with the advantage of being flexible and bending along a complex geometrical cavity. Developing the technique of intrapleural PDT will be all the more beneficial since PDT can also be used to treat other pleural malignancies, such as the pleural metastasis of non-small cell lung cancer, and this with interesting results [32] .
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